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Abstract 
Failures of pre-stressing and post-tensioning steel caused by hydrogen embrittlement as a 

consequence of chloride-induced corrosion are well known in the civil engineering field. In 
order to monitor the occurrence of localized corrosion in concrete structures (viaduct, 
prestressed concrete cylinder pipes, pre-stressed and post-tensioned structures), the use of a 
Linear-Continuous-Reference-Electrode (LCRE) has been proposed, claiming that, once a pit 
starts in any position on the pre-stressed steel, the potential lowers to values typical of active 
range, giving promptly the evidence of pitting initiation. Since concerns arise about the 
effectiveness of this system, a multi-reference electrode (MuRE) was proposed and studied, 
consisting of a series of continuous metallic wires able to measure the potential of carbon 
steel rebars and tendons. In 2007, four MuRE prototypes were installed on pre-stressed 
concrete beams; results of potential monitoring performed during the first year are reported. 
The MuRE system is able to localize the onset of chloride-induced corrosion; the potential 
reading is interpreted as the average potential weighted on the crossed equipotential surfaces. 

Résumé 
La fracture des aciers dans les structures en béton précontraint provoquée par la 

fragilisation par  l’hydrogène est bien connue dans le génie civil. Une électrode linéaire, 
nommée Linear-Continuous-Référence-Électrode (LCRE) a été proposée dans la littérature 
pour le suivi de la corrosion dans ce type de structures. Cette électrode est considérée capable 
de mettre en évidence la corrosion par piqûre par l’abaissement du potentiel à valeurs 
typiques de l’état actif. Comme l’efficacité de ce système est douteuse, une nouvelle 
électrode multiple de référence, nommée électrode multi-référence (MuRE), a été proposée et 
étudiée. L’électrode est constituée d’une série de câbles métalliques capables de mesurer le 
potentiel des armatures et des câbles de précontrainte. En 2007, 4 prototypes du MuRE ont 
été installés dans des poutres en béton précontraint; nous décrivons les résultats des mesures 
du potentiel dans les premières années.  Le MuRE est capable de localiser la corrosion 
localisée; la lecture du potentiel peut être interprétée comme la moyenne sur les surfaces 
équipotentielles croisées. 
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1 Introduction 
Pitting corrosion of high strength steel in concrete leads to brittle failures due to hydrogen 

embrittlement (HE) mechanism: localized corrosion of passive steel starts as soon as critical 
chloride threshold concentration (about 600 ppm by concrete weight) is exceeded at steel 
surface, then acid forms at pit tip producing hydrogen atom and provoking HE on susceptible 
steels [1]. To prevent HE, it is necessary a monitoring system to be able to give an early 
warning much before its possible ruinous occurrence [1]. Because there is no practical means 
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to monitor HE directly, a real early warning can be obtained indirectly from pitting corrosion 
initiation because as soon as a pit starts, local potential changes. 

Potential mapping is the only widely recognized and standardized non-destructive 
technique for assessing and locating areas of corrosion on steel in concrete structures [1]. In 
addition to the American Standard ASTM C876-91 [2], a RILEM recommendation has been 
published [3], where the extensive recent experience with potential mapping has been 
included. For normal reinforced concrete structures exposed to atmosphere, the potential 
mapping technique is useful to detect the corroding area [1-2]. But, in the case of 
encapsulated tendons, the potential cannot be measured by means of the potential mapping, 
because they are encased in metallic or plastic ducts that isolate them from the external 
environment. To measure the potential, fixed reference electrodes (RE) should be embedded 
within the duct; the measured potential is representative of the corrosion condition taking 
place nearby. To monitor the potential of the whole metallic structures a series of fixed REs 
have to be planned, but this is very expensive and impossible to achieve in real structures.  

In previous papers [4-6], a new conception reference electrode for pitting corrosion 
monitoring of pre-stressed and post-tensioned concrete structures was presented. Aim of this 
new reference electrode is a prompt and early warning of pitting corrosion initiation. This 
reference electrode system consists of a series of multiple wire-type reference electrodes, 
each one with proper length L in relation to resistivity and geometry of the structure (mainly 
cover). In 2007 four MuRE systems were installed: two on pre-stressed concrete beams (20 m 
long) in the Chioggia inlet for the Venice Barrier Project (MOSE Project), the other two in 
pre-stressed concrete beams (15 m long) of a viaduct in a Turin highway. Potential reading 
were monthly performed and preliminary measurements are presented and discussed. 

2 Background of the invention 
In the last decades, more attention was paid to prevent HE for pre-stressing and post-

tensioned concrete structures, especially during design phases, and monitoring systems were 
introduced (acoustic emission and ultrasonic methods). Nevertheless, no reliable techniques 
for monitoring the localized corrosion of steel tendons into a duct have been proposed. In 
1995, Wietek proposed the use of a Linear-Continuous-Reference-Electrode (LCRE), 
consisting of a wire made of silver/silver chloride. The author claims that once a pit starts in 
any position on the pre-stressed steel, the potential measured changes [7]. From a practical 
point of view, the use of a LCRE is very appealing because of the simplicity. Nevertheless, 
concerns arose about the true meaning of the potential reading in practical applications, both 
from theoretical side and because of lack of similar use in electrochemistry. 

2.1  Laboratory tests on LCRE 
To understand the meaning of potential measured by a LCRE in a closed environment, 

such as into the duct, a series of tests were performed. A macrocell, simulating the electric 
field established by pitting corrosion of carbon steel in concrete within a plastic duct, was 
obtained on an AISI 304 stainless steel 10 mm in diameter rod, in distilled water (pH 6.5, 
resistivity 150 Ω⋅m) in a cylindrical cell (40 mm in diameter and 600 mm length) by an 
impressed current system with a ring-type inert anode. A MMO-activated Ti type LCRE and 
12 MMO Ti-RE with 50 mm spacing were placed inside the cell to measure the potential 
given by the wire and the potential profile. The 12 REs were placed as close as possible to the 
rod in order to minimize the IR drop contribution. The stability of both types of electrodes 
was checked by an external saturated calomel electrode (SCE) through a Luggin capillary.  

Fig. 1 shows the steel potential measured by the LCRE. Once corrosion occurred (current 
ON), the rebar potential reduced from -0.3 V to -0.9 V, indicating corrosion initiation. In the 
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tested geometry, the LCRE is able to detect the corrosion initiation. Fig. 2 reports the 
potential profile of both rebar and LCRE measured by means of an external SCE reference 
electrodes. In passive condition, both rebar potential and LCRE potential were close to -0.1 V 
SCE. After pit initiation by means of current application, rebar potential locally decreased in 
correspondence of the inert anode, while potential profile of the LCRE decreased to -0.4 V 
SCE in the area close to the anode, and increased to +0.8 V SCE far way from it. 
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Figure 1. Rebar potential in the absence 
and in the presence of simulated localized 

corrosion 

Figure 2. LCRE and rebar potential 
profiles 

2.2 Meaning of potential reading by a LCRE 
To interpret the meaning of potential measurements it has to be considered that the LCRE 

is a wire crossing the electrical field established by the pit initiation, so it participates in the 
current flowing because of its electrical conductivity. In other words, the LCRE is an 
interfering metallic wire within an electrical field; accordingly, some zones become cathodic, 
where the current enters the metallic wire, and some others become anodic, where the current 
leaves it (Fig. 2). This behavior was also observed in an application of cathodic protection of 
concrete bridge with activated Ti-mesh anode when current was off and chlorides were 
present [8]: it was suggested that the potential reading could be interpreted as the weighted 
average of the potential profile: 
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where Eelectrode is the potential of LCRE or rebar, Si is surface area having a potential Ei. 
Experimental results confirmed that the rebar potential reading (E rebar vs LCRE) obtained 
by using the LCRE is the difference between the weighted potential profiles of the rebar and 
the LCRE, both measured by means of an external SCE, when the impressed current is on, 
and so corrosion occurred. On the basis of Eq. 1, the following equation is valid: 
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where Li is length of the rebar (or LCRE) having a potential Ei. Considering the 
experimental profile in Fig. 2, rebar weighted potential is –0.19 V SCE and LCRE weighted 
potential is +0.67 V SCE; the rebar potential is the difference between the two values, equal 
to –0.88 V vs LCRE. This was confirmed by rebar measurements performed by means of the 
LCRE (about –0.90 V, as reported in Fig. 1). Based on the found relationship (Eq. 2), doubts 
on LCRE efficiency when used for long structures were confirmed, since the ability to detect 
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a localized corrosion attack strongly depends on wire length and duct cover. In fact, by Eq. 2, 
assuming that corrosion occurrence is clearly detected only if a potential drop of at least 0.2 
V is measured with respect to the passive condition (as reported in ASTM C876 [2]), the 
LCRE electrode seemed to be able to detect the localized corrosion only if its length L led to 
a L/D lower than 30, where D is the cover. For different geometries, e.g. for tendons with 
much higher length/grout cover ratio (even 500), concerns arise on its application, since 
unaffected surface area in passive condition can prevail with respect to pitting surface area. 

3 Laboratory tests on MuRE system 
Based on the interpretation of potential readings, a Multiple Reference Electrode system 

was developed (MuRE system), able both to detect and localized pitting corrosion. In this 
paper laboratory test results on prototypes of MuRE system are illustrated: the mechanism 
and the interpretation of potential measurements are presented. As discussed, the critical 
parameter is the effective length, L, of each single electrode as a function of geometry of the 
duct (i.e., concrete cover). Main results on optimum L/D ratio are summarized. 

3.1  Laboratory tests on MuRE system 
The new proposed monitoring system consists of multiple successive wire-type reference 

electrodes, to be placed or wrapped along the rebar; each element has a specific and 
calculated length L in order to limit the interference effect on each electrode. Tests were 
carried out on carbon steel rebar, 10 mm in diameter, placed in a polymeric cylindrical pipe, 
50 mm in diameter and 2.5 m long, filled with a commercial grout cast with Ordinary 
Portland Cement CEM II 42.5 R and with W/C 0.3. Two different metallic materials were 
tested: AISI 316 stainless steel and nickel (96%-Ni, 4%-Ti). For each metallic material, three 
multi reference electrodes were built up with different L/D ratio (5, 15 and 40), where L is the 
length of the active part of the electrode and D is the grout cover (20 mm). Fig. 3 reports the 
rebar potential profiles measured after pitting started by addition of 3.5% NaCl. The grey bar 
indicates passive potential interval (according to international standard ASTM C876 [2]). 
Profiles are very similar, independent from the L/D ratio. It can be observed (Fig. 3) that the 
higher the L/D ratio (from 5 to 40), the lower the potential shift (from 200 mV to 100 mV, 
respectively). The MuRE with the lower L/D ratio, i.e. the lower length L of the linear 
reference electrodes, better localizes the corrosion attack with respect to the other MuREs. 
Test results showed that MuRE was able to detect the occurrence of localized corrosion if the 
length of a single reference electrode is close to the throwing power after pit formation that is 
a maximum L/D ratio of 50. 

3.2  Mechanism by which the MuREs work 
Table 1 summarizes the potential of the MuREs and the LCRE measured by an external 

SCE reference electrode, in order to verify the reference electrode’s stability after pit 
initiation. Measurements were carried out in two positions: near the pit and 1500 mm away 
from it, where rebar is in passive conditions. In absence of a localized corrosion attack, 
potentials of the metallic wires of the MuRE systems are stable, independent of the L/D ratio 
and on the SCE location: about −130 mV SCE for nickel and about −150 mV SCE for the 
stainless steel (Table 1). In the presence of a localized corrosion attack, a potential reduction 
is observed for all reference electrodes of the MuREs close to the pit, whereas negligible 
variation is detected on the reference electrodes far from it. The reduction does not depend on 
L/D ratio. In the case of the LCRE an high cathodic polarization was measured near the pit 
(potential decrease of about 100/200 mV), while an anodic polarization was detected in the 
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position far from the pit. These results confirmed that the linear reference electrodes behave 
as interfered wires immersed in a electrical field. 
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Figure 3. Potential profiles obtained by a LCRE and different types of MuRE  

Table 1. Potential of the MuRE systems (mV) with respect to an external SCE 
 

MuRE Potential (mV vs SCE) Reference 
electrode L/D = 5 L/D = 15 L/D = 40 

LCRE Corrosion rebar condition 

-120 -130 -140 -130 No localized corrosion 

-270 -240 -250 -370 Presence of localized corrosion 
SCE near the pit Nickel 

-200 -200 -220 -80 Presence of localized corrosion 
SCE 1.5 m far from the pit 

-140 -160 -150 -150 No localized corrosion 

-270 -230 -290 -340 Presence of localized corrosion 
SCE near the pit AISI 316 

-210 -150 -150 -90 Presence of localized corrosion 
SCE 1.5 m far from the pit 

 

4 Field application 
In 2007 four MuRE systems were installed: two on pre-stressed concrete beams (20 m 

long) in the Chioggia inlet for the Venice Barrier Project (MOSE Project), and two in pre-
stressed concrete beams (15 m long) of a viaduct in a Turin highway. In the case of Venice 
barrier Project, the MuREs consist of 12 nickel linear REs, each 1.5 m long, able to monitor 
the potential of the entire length of the pre-stressed beam. The 12 electrodes were wrapped 
together and protected with a polymeric strip, that allow the cement paste to be in contact 
with the nickel electrodes. Total diameter of the MuRE is 10 mm. The MuREs were fixed to a 
pre-stressed tendon with proper spacers. Before concrete casting, electrical isolation 
measurements were performed to exclude possible electrical contact MuRE-rebar. Pre-
stressed rebar potential profile was monthly measured. Fig. 4 reports steel potential after 
concrete casting and after 1, 2, 4 and 12 months with MuRE systems installed in Venice. 
Steel potential is in the range 0-0.1 V Ni-MuRE. Potential were also measured with an 
external CSE: pre-stressed steel potential is -0.15/-0.2 V CSE, whereas Ni-MuRE potential is 
-0.2/-0.3 V CSE. Rebars are in passive condition. No significant difference between potential 
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profiles of the two beams were recorded. Mean potential is 33 mV for beam 1 and 35 mV for 
beam 2, underlying the reproductibility of the potential monitoring with the MuRE. Same 
profile and mean values were also measured on the two beams installed in the Turin viaduct. 
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Figure 4. Pre-stressed steel potential profile measured with the Ni-MuRE (Venice) 

5 Conclusions 
To monitor the occurrence of localized corrosion of rebars a multi-reference electrode 

system (MuRE) was studied, consisting of a series of continuous metallic wires. Laboratory 
tests allow to affirm that the MuRE system is able to detect and localize the occurrence of 
chloride-induced corrosion. Each electrode of the MuRE, once corrosion started, behaves as 
an interfered electrode immersed in an electrical field, since it crosses several equipotential 
surfaces; so, the potential reading may be interpreted as the average potential weighted on the 
crossed equipotential surfaces. The length of a single reference electrode of the MuRE must 
be evaluated on the basis of geometry, conductivity and throwing power of localized attack. 
Four MuRE systems were installed on pre-stressed concrete beams; after 12 months of 
potential monitoring, the system is working as expected. 
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